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of exp er ’ir . en ta l  data  w i t h  theory shows t h a t  .~iaves  of this

type  belong to a new class of deep fluid . -~~e ’rial sol i tary

wave discove ’ed by Benj amin and by Davis ao~ ~~rivos. An

i :i te rest inc  fea tu re  of these sol i tary  waveo is that  they mark

the onset of s ign i f ican t  atmospheric turbulence .  It is proposed

that the following source mechanisms play an important role in

the creation of solitary atmospheric waves in the arid interior

~f Australia : ( i)  the impulsive interaction of an intense

thunderstorm downdraft or downdraft generated gravity current

with an inve’sion; ( ii)  the interaction of nocturnal katabatic

flow with aa existing radiation inversion ; and (iii) the

interaction of stationary gravity lee waves or standing eddies

with  a develcp ing  nocturnal  inversion fol lowing a reversal in

the circulation over an orographic feature .
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1. :~~Ouj o T I o~J

It is w~ 11 known that the creation , propagation and

dissipation of gravity waves play an important role in the

dynamics of the eart h ’ s atmosphere . The reasons for s tudying

long—period waves of this type are therefore two—fold : in the

f irs t p lace , an understanding of the initial disturbance which gives

rise to these waves, the mechanisms by which they propagate and

their dispersion characteristics prov±des insight into the

fundamental nature of atmospheric fluid mechanics ; secondly , it

seems to be equally important to unders tand the Influence that

the passage of these waves has on the development of local

meterological conditions — for example, gravity waves may often

be correlated with the release of latent atmospheric instabilities

which in turn give rise to such diverse phenomena as clear air

tur bulence , propagating squall lines and , poss ib l y ,  In the

extreme case the development of tornado activity.

The purpose of this report is to summarize the principal

results of a preliminary study of subsonic atmospheric waves which

were observed during the period from August 1975 to June 1976

using a five—component array of high sensitivity microbarometers

installed at the Warramunga Seismic Station located near Tenriant

Creek in central Australia.

Of foremost interest to this study are the observations

of large amplitude isolated waves of permanent form which are

thought to represent a new type of naturally occurring internal

solitary wave. This report will be mainly concerned with a

description and interpretation of these unusual waves . A variety

A
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of ’ lar~ e ar~:p l itu d e  lon i per iod d!opersed g rav i ty  wave t rains have

also been observed dur ing  this  period.  Discuss ion of these events

wi l l  be defer red  un t i l  a later report .

2. DATA RECORDING AND PROCESSING TECHNIQUES

The Warramunga Seismi c Station is situated 37 kIlometers

SSE of Tennant Creek. The centered quadrilateral array of

microbarometers is located on slowly undulating semi—desert

terrain at an elevat ion of about ~l0 meters MSL with rel ief in

the area encompassed by the array rising to a maxii~urn of about

6 meters. The nearest significant landscape feature is a

barren 50 meter granite ridge which runs for about 200 meters in

a north—south direction about 1 kIlometer east of site 1.

Pr ob ably the most important topological features , insofar

as the location of this array is concerned , are the 600 meter

::urchison and Davenport Ranges which run from 20 to 160 kilometers

to the SSE and the 1600 meter Macdonnell Ranges, )450 kilometers

to the south. All of the land to the west of the array can be

described as semi—featureless stoney desert and an extensive

dry steppe area known as the Barkly Tablelands forms the north—

east quadrant . Further af iel d , the major oro graphical features

are the 5000 meter mountains of central New Guinea, 1800 kilometers

to the NNE , and the 2400 meter Austra lian  Alps of Victoria and

New South ~iales , 2300 kilometers to the SE.

The c o n f i g u r a tio n  of the five—component infrasonic array

along with the location of a vault containing a vertical long—

period seis~ orneter are illustrated in Figure 1. An array of

Daniels type noise reducing space filters arranged in the form

A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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of a ~ ioo~ wi t h t~ie ir~i•.~t port at the center -  hac been installed

at each s i t e .  Th~ se f i l ter s  provide useful supo~’t~ssI on of

Incoherent  wind noise in the per iod range b elow 20 seconds .

A least—squareo f’L t to  ~he measured am plitude response of the

microbarometers is oho~in In FI gure 2.

Recently, a SlAP 2000 weather s t a t ion  which provides a

continuous record of wind speed and direction , temperature,

relative humidity and precipitation was installed midway

between the microbarometer at site 1 and the long—period

seisrnometer vault .

The five infrasonic channels and the vertical long—period

seismometer channel are sampled at a rate of 2 samples per

second , digitized via a 14—bit ADO and recorded in IBM

compatible format on 7—track , 556 bpi tape. At the Australian

National University these tapes are converted to 9—track , 800

bpi In a compact , 2 data word per 24—bit computer word, format

which conserves magnetic tape and which is suitable for analysis

on a 48K Harris Datacraft 6024/4 computer.

The main signal processing technique used on the array

data consists of a beam—forming program which utilizes the

non—linear N-root method devised by Muirhead (1968). The

output e~ (t) of the i—th array element is digitally filtered

In the bandpass region of interest , properly phased by time

shifting to correspond to the passage of a plane wavefront

across the array , and then reduced to the N—th root with sign

preserved. The resulting product is summed over the n—element

array to give

RN(t) = 

~~ ~~ 
I~ 1( t ) I N . signum (~ 1(t)) (2.1)

Li. —



— ‘4—

,;h~.’re ~ 1( t )  r ep r e se n t s  the  1’iltcr output . This quant i ty  is

then raised to the ~ — t h  tower w i t h  sign preserved to provide

the signal s t a t i s t i c

N
S.~( t )  = IR N ( t )I  . signum (R ,~( t ) )  ( 2 . 2 )

The pr incipal  advantage of this type of automatic

infrasonic array processing arises from the fact  that this

non—linear  beam—forming technique gives added weight to the

presence of coherent energy in the spectrum . This has proven

to be of value in the treatment of data from Tennant Creek

due to the  prevalence in this semi—desert  environment of

incoherent , essentially non—Gaussian noise such as that

caused by very small whirl—winds (dust devils) which interact

with only one sensor . It can be easily shown that large

events of this type are suppressed in the output of the N—th

root process by a fac tor of approx imately n~~ .

All Infrasonic data is processed for a value of N 2  In

order to take advantage of a hardware square root SAU feature

of the Datacraft c omputer. This out put is supplemente d by a

parallel determination of an integrated polarity stack over

the phased array which corresponds to the N—th root process

in the limIt N-~~. Further details on the N—th root multi—

channel fIlter may be found in Kanasewich et al. (1973) and

Muirhead and Ram Datt (1976).

Power spectral estimates of the data are computed directly

using the Fast Fourier Transform (Cooley and Tukey , 1965).

In order to reduce the var iance of the est imate the calculat ions

________________________________________ ~- ~~~~~~~~~~~~~~~~~~~~ —-- ~~~~~~~ ~~~~~~~~~~ -~~~~~~~ -~~~~~‘ -
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L~ ’1 (~2 1 )  ~:.s ciescr ’IbeJ by “ie lc~h (1967). ~J~e digital t ime

se r ies  t is divIe.:~ in to  ~ nor t  Lon s each of ’ leri :~t h

po in t s ;  th~ e 1efr~eri t s in each ~o :~~ent i are then weii ;hted

:iccordin : t . a cosine taper data wIndo~’i dr e f f e c t i v e  over

the l0~ lim its of the segment , as suggested by Lir.~ham et al.

(1967), and transformed to the frequency domain to give

f4—l

X1( f )  = 
~~~~~~~~ dr t r exp~

_ 2
~

irf
~ 

- 

( 2. 3)

The power spectral  densi ty  is then determined by averaging

over the K segments ,

= ~~~ ~~~~I X ~~( f )~~~, ( 2 . 4 )

where ~t is the samoling interval and the factor

u = ~~ = 0.875 ( 2 . 5 )

p reserves the invar ianc e of the area under the spec trum to

the influence of the dat a taper window . The power spectral

estimates obtained in this way are converted to true spectral

estimates by dividing by the square of the microbarograph

amplitude response shown in Figure 2.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3. :ri~RIr~ u’rf~r. i~~JU L T ~ !Wii) IgT PRETATION

3.1 Tnt ~r~~tl So ~.i . tar ,’ T~ Te: heric Waves

The n h e n o m en o n  of the  so l i t a ry  wave , by itS essent ial ly

nonlinear nature , ocesp ies a unique place in the development

of the theory of wave propagat ion In f luids . These waves are

usually dexined (Lamb , 1932, ~252) as waves of single elevation

which propagate at un i fo rm velocity without  change of form .

They arise from a balance between the  tendency of waves to

steepen ahead of their  crests ( amplitude dispersion) and the

tendency of the Longer period wave components to propagate at

hIgher veloci t ies  ~frequency d i spers ion) .

The classical sol i tary wave of elevation was first observed

by Russell ( i8 ’4 ’4 )  on the free surface of shali~ ’t water of uniform

depth. Subsequently, Boussinesq (1871) and Rayleigh (1876)

inde n~ ontly derived app roxIma tions for the speed of propagation ,

c , and the form , ri (x), of the wave profile at the free surface.

These authors found , to first order in a = a/h ,

= gh(l+a) (3.la)

and

n ( x )  = a sech2{(~~~)½ 

~~
} , (3.lb )

where h is the fluid depth , a is the maximum amplitude

of the wave and is the acceleration due to gravity. These

results reveal an important property of solitary waves; that

is , they are always su percrlt lcal — the speed of propagation

walways excee ds the speed

c~ = iJ~ (3.2)

_ _  -~ - - -  ,-~~~~~~~~~ -—— - ~~~~~~~~~~~ --~~ —,. - -.-- ~~~~~~~~~ -.-.- .-.~~ --- - . .-~~~ - .- -- .—.~~~~~ .~~~ 
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cr  I n :~~t e s i n nl  Ion~ .‘itt. -s. ‘fl~is  prop ~rt .’j ma;j b

to f L : ;t oe h~ c L. nor!s .~~) -~l~~Ss a~:~~~~~ t i i I~ cc;

F2 = 1 +x > 1  (3.3)

where F is the ~‘rcude number. It shoold be noted that the

classical solitary wave Is derived on the sinDlifying assumption

that the horizontal length scale of’ the motion is long compared

to the fluid depth.

Korteweg and DeVries (1895) were able to demonstrate , in

the fIrst approximation , the existence of a class of’ periodic

long waves of finite amplitude and permanent form which are

described by the Jacobi elliptic function aCn2 (x/X ,k) of

modulus k. In particular , they showed that these waves, which

they called c~ oida1 waves , reduce to the classical solita~y wave of

finite extent in the limit as the wavelength , A , goes to

infinity. Despite this progress , it was not until relatively

recently that Lavrentiev (1946) and Friedrichs arid Hyers

( 1954 )  succeeded in rigorously proving the mathematical

existence of a solitary wave solution of the full non—linear

equations .

There have been a number of attempts to improve on the

f i rs t  order solution for the classical solitary wave (e.g.,

Long (l956b);Laitone (1960); Byatt—Smith (1970); Grimshaw
S

(1971); and Fenton (1972)). The most accurate results are those

of Fen ton , who obtained a ninth-order solution , and Byatt—Smith

who numerically solved for the case of the solitary wave an 

~~~
-. .-

~~
--. 
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exact I t t e  ;rc—di :f r nit Lal e~~u at ion  for su r face  waves of

permanent tt rn. The pr incipa l  result  of these inves t iga t ion s

is that the  sol i tc r~’ wave of maximum amplituUe corresponds

to

= 0 .85  , F = 1.31 . (3.4)

It is worth  not ing that  the f i r s t  approximation to the shape

of the classical solitary wave (3.lb) compares favourably

with the exact profile computed by Byatt—Smith provided the

non—dimensional amplitude a is less than about 0.7.

The theore t ica l  study of internal solitary waves, that

is , waves which exist as a consequence of internal density

stratification , was initiated by Keulegan (1953) who considered

a system of two superimposed liquids of different constant

densities , bounded above and below by rigid surfaces. Long

(1956b ) has also investigated this particular model. Abdullah

(1956) obtained , using a systematic perturbation procedure

developed by Friedr ichs ( 194 8) and Keller (194 8) ,  a f irst

order solution for the classical internal solitary wave at

the interface of a two—layer atmosphere subject to the condition

that the hydrostatic law holds for the upper layer, that is,

that motion of the free surface can be neglected. This solution

is a supercritical wave of elevation described by

~ ( x )  = a sech 2{~~~~ -*} (3.5a)

and
c = c ’( l +½a ) (3 .5b )

~4 log (l+~~ )wi th  Wi = 

3: 
h (3.5c)
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~;h-c re the  Tn~~ L n L t c ‘ il ~~~t :rtnl sat- c c r i t i c al  speed 15

c~~ (3 .6 )

(3.7)

Here , P2 and Pi are the densities of the upper and lower

fluids respectively, h is the depth of the undisturbed lower

layer and w1 is the full width of the wave profile at half

maxImum .

A more general treatment of Internal solitary waves

has been given by Peters and Stoker (1960). They examined the

full problem of a two—fluid system with a free upper boundary

as well as the more difficult problem of the existence of

internal solitary waves in a fluid whose density decreases

exponentially with height. In the case of the two fluid

problem they found two solitary—wave solutions ; one type ,

with maximum amplitude at the free surface, corresponds to

the ordinary classical solitary wave of elevation; the other

type describes an internal solitary wave with a maximum amplitude

at the inter face  muc h larger than the am~ lt t u I e  at the surface.

The internal solitary wave may be either a wave of depression

or a wave of elevation. If the depth of the undIsturbed lower

fluid , h, is less than half the depth of the upper fluid ,

the s treamlines of the dis turbance are lines of elevation at

the interface and depression at the free surface; if, in addit ion
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he J ~re.ice :~ the  two f l u i d  den s i t i e s  is smal l , the

so lu t t m  then cor responds  to the  approximat e form given by

(3.5) above. This aporoxination will be assumed to provide

a sufficiently accurate description of classIcal internal solitary

waves in the atmosphere  for the  present  purposes.

In the case of a f lu id  of’ finite depth with a density

distribution which decreases expon~ntial1y upwards , Peters and

Stoker found an infinite number of possible internal solitary

wave modes corresponding to an infinite spectrum of internal

critical speeds. ThIs problem has also been investigated by

Long (1965) and , in an elegant and very general treatment of

the sub jec t  of internal  -solitary waves In shallow fluids , by

Benjami n (1966) .  The general solitary wave solutions in this

case are complicated and will not be given here ; It Is noted ,

however , that  according to Benjamin the solitary wave mode

correspcnding to the highest critical speed — predominantly a

wave of depression — is probably the most significant mode In

fluids of this type.

Up to this point this discussion has been limited to a

consideration of internal solitary waves which can exist in

fluids of fInite depth. Benjamin (1967) and, independently ,

Davis and Acrivos (1967) have presented the results of a

theoretIcal and experimental investigation of an entirely new

class of’ internal solitary wave phenomenon which can exist in

fluids of ;~r eat depth . Thes e new types of internal waves are

shown to exist In regions where the  f lu id  dens i ty  varies only

within a layer of’ thickness h which is much smaller than the

total f’leid depth and smaller than the effective horizontal

length scaie , ~ , characteristic of the solitary wave. 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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t;~o .~~~i s;st~~.: lu ~i ich the neer fluid

~; : ten L~ to  inf  n i t v  )V c r  a le..~ r ilsiC et~ dn)th h r e st ir~
an a ho ci cost-al - : ~ , ~3 c n . ~w~i0 f ’inds  a t o T  .Ltar ’y wave

solution o~ the for-

2

~ ( x )  = (3 .8a)
x2+X 2

with

c = c0’~~!l+ ~~a (3 .8b)

where
8 Pi h2A = w~ = — — (3.8c)3 P2 a

and P2 and 22 are the densities of the upper and lower fluids

respectively.

Benjamin has also considered the problem of a shallow

fluid with, exponential density gradient in contact with a

deep fluid of’ constant density, and , further , the more general

problem of solitary waves associated with a thin transition

region contained between two homogeneous fluids of substantial

depth. Ic. direct analogy with the shallow fluid theory , the

continuous variation in density is shown to give rise to an

infinite set of solitary—wave modes. For the case of a thin

region of sudden vertical density variation in a stably

stratified system , the lowest—order mode solItary wave solution

takes the form of a bulge which propagates along the interface.

This interesting result has been confirmed in the laboratory

experiments of Davis and Acrivos (1967) and Hurdis and Pao (1975). 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _
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C’or’o i i~ :io~i the existence of solitary—wave motions

th’ atr::o~ ch~ :~~. It would seem that the deep fluid solitary

.it.a solution (3.8) found by Benjamin (1967) is best suited

to a staple description of solitary waves in the planetary

boundary layer wh i l e  classical solitary wave theory (3.5)

should provici~ a reasonable description of higher altitude

waves. The possible existence of atmospheric internal

solitary waves was suggested by Abdullah (1949).

In order to clarify the following discussion consider

the prooert!es of internal solitary waves associated with a

density discontinuity at the 950 mbar (560rn ) level corrresponding

to a temperature inversion of 5°K, as predicted by both the

shallow and deep fluid theories. The air beneath the inversion

is taken to have a mean temperature of 2700K and the dimensionless

amplitude of the wave, a , is chosen to have a value of 0.5,

corres~ ondin~ to a wave with amplitude less than maximum. With

these conditions , a classical internal solitary wave as

described by (3.5) would propagate along the inversion

at a speed of 12.6 rn/sec with a full width at half maximum

of 1.61 km and would produce a maximum pressure perturbation,

AP , at ground level of 0.615 mbar; alternatively, for the same

amplitude , BenjamIn ’s theory (3.8) describes a solitary wave

with w
½ 

= 3.03 km propagating at a speed of’ 11.8 rn/sec. At the

980 mbar level (280 m), for an inversIon of the same Intensity,

a similar solitary wave would produce a ground level perturbation

of 0.317 mbar and would propagate at a velocity of 8.91 rn/sec

with w1 = 0.806 km according to the classical theory , or at a

velocity of 8.36 n/soc with W
½ 

= 1.52 km as given by the deep

f l u i d  theory .
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co . Ht~~~~c0 O~~ t h -  .;~ To.: ar 1 ;QP l J:t :;ol tary

:~~~ -~ e.: f~or -is n v  ~r: n nt 950 ~~~~~~~ level ts sh- .-;n :

in - L r A r .  3. . - that , as ~ cn r t s -1tcon: r ~ of i:he rhort ra c - :n

C X O O 0 :f l~ al ni s~ an ‘to y, t h e  inL ’liln r.oe of’ the c lassica l  wave

s much roon lo-aJ iced  t h a n  that. of the ‘-ie~ p flu id wave of

elevation . The shop e  of bo th  tyces  of ’ s o L i t a r y  wave depends

on the t a lu s  of’ ~he Jinerislonless arnplltode a ; as a increases

the wave or o f i l e  narrows and the  curvature at the crest

increases until at aa:-:iaum a~ ol1tudethe wave is reduced to a

sharp n ech enclosing an angle of 120° (Stokes , 1880; Byatt—

Smith , 1970). Th is variation in profile is illustrated for values

of’ a u~ to 0.7 by the two families of curves shown in Figure 4

with the depth of’ the undis turbed  fluid taken as the unit of

length.

3 .2  Observat ions

A large number of isolated waves have been observed at

the infrasonic array near Tennant Creek. These unique waves ,

which only occur at night , are reasonably well described by

the solitary—wave theory outlined above. Consequently , as

mentioned in the introduction , these waves are interpreted

as being examples of atmospheric internal solitary waves

which proca~ate along the noctural Inversion.

Gossard and Liunk (l95~4), in a study of atmospheric

pressure oscillatt- )ns , noted sevsral examples of’ a gravity

wave train preceeJ-c d by a positive pressure pulse. These early

measur- ’r’a�rits su ffer- from a lack of resolution and as such are

not —llr-:~ t1y coapar ’-abJ-~ with the observations made at Tennant
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:‘eek . Thne th e l c s s , on u h e  basis of ava i l a b l e  evidence , it

s f ’ - : m s  ro-asonabie to as . ;u : rs  that these  p r essure  pulses are of’

r h o  same t y p e  as the  i so la ted  waves descr ibed here .

icAl lisLcr et al. (19 69)  have reported , in a pioneering

atmospheric a c o u s t i c  sounding s t u d y , observat ions of “ weak ,

f’ront—lihe ” nocturnal disturbances characterized by a sharp

sp ike in the  sounder record followed immedIately by a rapid

buildup of turbulence and , after a period of about 10 minutes,

by well—developed sinusoidal rnotion in slowly separating

strata. These observations were carried out during the month

of June at Ivy Tanks on the edge of the arid Nullarbor Plain in

South Australia. These authors interpreted these spikes as

reflections from the turbulent core of a somewhat broader

disturbance.

A very interesting series of acoustic sounding experiments

carried so: again during the month of June at Julia Creek ,

~areenslanJ have been descr ibed  by Reynolds and Gething (1 970) .

Cn several occasions they also observed transient sharp spikes

on the interface of the nocturnal Inversion. Some, but not all

of these spikes were associated with a jump in the height of

the  invers Ion .  These authors noted that waves associated with

these shar?  sp ikes  on the inversion level might represent a

form of’ non—linear , large amplitude solitary wave.

There is little doubt that t he  solitary waves observed

at the Ttr: r~ant Creel-: infrasonic array are of’ the same type as

those observed 800 tilometers to the east at Julia Creek and

1300 kilometers to the south at Ivy Tanks . It does not appear

1i ’ :ely at nhi~~ pohttr that these waves nreserve their identity

ov- -r these distanc ; h o w e v ~~r , t h i s  po ibility should be

hom e in mind.

— A ~~~~~~~ ~~~~~~ —- __________ — - -



-c . ( i~~~~ ) a. ~~:-i :rn (L 972 )  l~a~’-~ rer’Ha- : I Oti s ~rvations

o: ‘e:: noo~ i .l r t ; . :iss-s sul s- -s ” n -ar’ D-:u v- r’, 1Hlor~ do , ;-;h ich

tn is ; .aoy L , ; O O C ’~~5 to sooe or Uno solitary waves

I in this rcPor’t .

The -only other u ience for atmesphools solitary waves

ao~~sa rs to be t h e  descr ~ ot ton by Abdul lah  (1955) of a large

am p l i t u d e  p r ooaoat in~ disturbance which apreared over Kansas

during the early dayligh t hours of June 29, 1951. This

tisturbance , which oroduced a ground level pressure perturbation

of 3.4 mbar , took the form of an elevated mass of’ cold air

propagating on an inversion at a height of about 2 kilometers.

The elevated disturbance appeared to extend over about 150

kilometers and was observed to travel with approximately

constant form at speeds between 18m/sec and 2km/sec over a

distance of about 300 kilometers . Abduilah concluded that this

disturbance represented an internal solitary wave and

attributed its formation to the impulsive movement of a

quasistacionary cold front into the layer of inversion.

As can be seen from the following description , the

atmospheric solitary waves observed at Tennant Creek appear to

be entirely different from the single observation described by

Abdullah. These subsonic waves are characterized by an initial

slow increase in pressure over a period of several minutes which

gradually develops into an exponential increase leading to a

fairly sharp  or~ st at-. which point the pressure falls rapidly to

the ambient level. A wide variety of these commonly occurring

gr - a v i t y  waves are illustrated in Figures 5 to 10.

In most cases , these waves occur as isolated waves of - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ - - -~~~~~~~~~~~~~ .. — ~~--
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~
lo::-r ~on a ; ~- .mn in FL- sr-s 5 an d 6. They are u su a l l y

asyss- :et r i c a l  h ot  a fnw ex a m p l e s  have been observed which  are

a lm o st  s r u r e t r i c — i l In fo rm.  O c c a s i o n a l l y ,  the  i n i t i a l  posit ive

or-e n su re  pu lse  is f o llo~~sd by a wave of depress ion  as shown by

the  examp le  in FIgure 7 ( a ) .  A n umber of e-i ent s  have been

observed (see Fi~~~res 7 to 9 ) in which the ini t ia l  positive

pressure pulse is followed by several long period large amplitude

components  which may be e i ther  coherent or incoherent over the

array — t hese  waveforms are similar to those observed by

Srart  (1966) and Jordan (1972). Since all of these atmospheric

rressure oscillations are initiated by a positive pressure pulse

of’ the same form, these events are all believed to be manifest—

ations of the same phenomena.

The salient features of these atmospheric solitary waves

may be seen from an examination of the summary of characteristics

orcsem:so in Table I.

waves of this type have been observed with amplitude as

high as 700 -dynes/cm 2 . They propagate at speeds between ~4

and 16 m/sec , -.-;Ith an effective wavelength , as measured by the

full ~,~idth  at half  maximum , between 0 .lb  kilometers and 2.68

kilometers and tend to occur on successive nights in groups of

up to 6 days duration as shown in FIgure 11. Even though the

available data spans a period of only 10 rmsriths , it seems clear

that the fre:uency of occurrence of these waves  is seasonal.

In contrast to the observations reported by Smart and by Jordan,

they do not occur during the daylight hours between 08.30 and

17.00 f’.S.T. (see  F’i gure 12) .  A plot of the frequency of

of observation as a function of azimuth (F igure 13) reveals the

- -- -- -— - -~~ - 
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t ot  th a t - .  t h - a : e  5o’LL ~.io’’’ -~~~~ u - -n nnh’~ nate in the Jirecti ~—in of

?~~~
0 an.t 1 ~~O -~~anor. - ~~~~~~~ iT tcu nort h.

‘rest m v  ~e a t u r  - of thes e so l it a ry  waies  in the i r

a r o r t i’ ~nt 1: , a on ambient atmosohuri c condi t ions . This

feature is illustrated in the diurnal variations of the micro—

r ressurci spectrum shown In Figure lLI . The last diagram in

t h is series (c) has been chosen to illustrate a typical

~0 hour period during which gravity wave a c t i v i t y  was absent .

~s can be seen , the late evening and early morning hours are

characterized by a relatively low—level incoherent long—period

noise spectrum indicative of a quiet stably stratified

n o c t u r a l  atmosphere ; in contrast , the onset of daybreak marks a

transition to a state of turbulence as the nocturnal inversion

is dissipated by the growth of a convectively unstable penetrating

layer at the surface. This transition is also accompanied by

t h e  onset of a light sur face  wind of about 4 rn/sec.

Consider now the influence of the presence of solitary

waves propagating on the nocturnal inversion as is shown in the

first two diagrams in Figure iLl . In each case , the passage of

the isolated wave marks the onset of turbulence in the atmosphere.

This remarkable transition is particularly evident following the

passage of the second event in Figure 14(b) and may be seen in

greater detail in Figure 6(a).

A change in the atmospher ic  Spect ra l  character following

the passage of a solitary wave is a featu re which is common to

all events of this type which have been observed to date in

~~rrnant Creek; however , the degree to which  this phenomenon

oc~ urs var ie s over wide limits as can be seen from the comparisons

sho wn in F ivu r e  15 of power spectral  densi t ies  evaluated before

A .__  ~~—- ~~~~_ ___________________ _______



- —--———.— -. .---- -
~~~~~

-- --.-- - _ _

-18-

he nassat:e of selected events. The spectra

co -pu ted fr~~. dat a  r- ’corJ - : - i p r iori  to the  passage of the so l i ta ry

wave are all o ’ti te si!lilar and are characteristic of’ low noise

s au le  cond i tion : ;  as evidenced by the  presence of a Ll to 8 second

nerlod neak in the spectrum due to microbarom activity. In

exam~les (a) and (b), the solitary wave marks the introduction

of spectral components over the complete period range — it Is

noteworthy that the power from 10 to 100 seconds in example (a)

is increased by nearly 4 orders of magnitude. In examples (c)

and (d) additional high frequency components are almost completely

absent after the passage of the wave ; example (d) is Interesting

in that the spectral characteristics before and after the

event are almost identical except for a small contribution in

the 10 to 100 second band .

The pr ob lem posed by the asymmetrIcal form of these isolated

pressure pulses will now be considered. At first glance, it

wou ld seem , on the basis of the theory reviewed above, that if

these pressure distributions represent an internal solitary wave

of elevation , then they should be symmetrical. However, all

of the theoretical treatments are limited to simple static

models. Perhaps the most serious criticism of these models

when appU ed  to the earth ’s atmosphere is that the influence of

wind shear across the interface (within the limits of dynamic

stability) is neglected; this might he the reason for the observed

asymnetrical shape. It is also possibie that the turbulent

;-iako and form of these pressure pulses result from isolated waves

br eal : in~: in t h e  back ;-.tards d i r ec t i on  — this process is enhanced by

tb -c presence of a s u i t a b l e  shear ing layer ( Long, 1956 a ) .  This

-- - --— -~~~~~~~--- —~~~~~~~~~~~~~~~
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e x n L ~~;a Y  ia ~1o~ .; n~ t :n~ ean t a  he lh:~ hut it  3noui-~ Se borne

~not;her uxp1 : LO~. 
-
~~ of’ -h ose -.-; - v0 fa~~rr ~~5 is ind ic a te d  by

c a r-  elic nt-a l hoe r- -itt ons arid numerical ca l cu l a t i ons  of Davis

r i-I  Acr~ vos (1967) on solitary waves propa~;atang in a thin

ayer of’ :‘~ -n id contained b-c t ;-,’een two deep floids comPrising a

s t ab ly  s t r a t i f ied  sys t em.  They found  tha t  waves of large amplitude

develop closed streamlines characteristic of’ t he  circulation in a

vor tex  pair and f u r t h e r , that  these  waves shed semiperiodic

waves b e h i n d  the  m a In  d ist u r b a n c e .  It fo l lows  d i rec t ly  from

an a rgument  based on dy n am i c  symmetry (Benj amin , 1967) that a

si ngle vort i r -: coo -n m ~I tn i n  large ampli tude sol i tary waves associated

wi th an inbomo ~ eneou 3 sha l low layer of f lu id  lying beneath a

much deeper ho mop en eou s  f lu i d  and tha t  th is  in te rna l  circulation

could lead to t he  development of a t u rbu len t  wake as is observed .

A f i n a l  poss ib i l i ty  which could account for the observed

wave shape is tha t  th e se  lam e ampl i tude  waves s ign i f ican tly

displace the  f l u id  above the  inversion level and thus they may

ef fec t  the release of any l a ten t  atmospheric ins tab i l i ty .  The

resu l t ing  c on v e c t i v e  :ii:-:in-; would last for a considerable period

of t ime , as observed , and could be expected to result in a

rapid drop in m ess-ore to  the  ambien t  level. Some support for

this idea is omoi’i~~ed by a comparison (y i v u re  16) of the pressure

d i s t r ibu t ion  associa ted ;- ;tth a wave wh i c h  i n i t i a t e d  only slight

changes in the  a tmospher i c  spect ra l  c h a r a c t e r  wi th  the more

typica l  distribution associated with a wave with a s ignif icant ly

turbulent  wake . The profile of the wave with t he  quiet wake is

clearly more sym m et r i c a l .  However , this  interpretation Is 

~~~~~~~~ ~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~ - -~~~~~~~~~~ - ~~~~~~~
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or~ ni to o r i t L C~~5T s1 r~ce some of t h e  o o n e r - -;rei ~s o la te-J  saves

~th  u n l e t  ~~~~~~ are st:-nr~.~.L2~ asyrvr~e t m ~ c.

it 1:; worth noting’ at this point that the form of the

leading ci -: or tbesr~ so l i t a ry  naves i nd ica te s , as could be

e~ ne ct e -d f c e m  t h u  at m o s p h e r i c  scale i nvo lved , tha t  these waves

are beSt described by the deep f lu id  in ternal  so l i ta ry  wave

theory . It seems t h a t  a f ina l  i n t e rpr e t a t i o n  of these unique

waves wh i c h  inc ludes  an explanat ion  of the asymmetr ic  prof i le

w il l  i nvo lv e  more than  one of the e ff e c t s  d i s cu s sed  above.

It c as t  be emphasized at this  point  that  any discussion

of the  source  mechanism s which generate these solitary waves

is la rve ly  con .j ec t ura i  since the range and lateral extent of

these  ;-;av-e s are almost to ta l ly  unknown.  Exis t ing evidence , such

as t h e  f ac t  t h a t  these waves t raverse the 4 kilometer infrasonic

ar ray  w i t h o u t  n o t i c e a b l e  a t t en tua t ion  as highly coherent planar

w av e fr : n : s , suggests  that  these waves originate at distances

b e y o n d  ~ J k i l o m e t e r s .  If ’ the  observed turbulen t  wake resul ts

f r o m an int r i n s i c  tendency of these waves to shed semiperiodic

dis o a~ h a n o e s  b e h i n d  th e  main body , or , if these waves are breaking ,

then  oney ar e r ap id ly  losing energy and it must therefore  be

an t i c ip a t ed  t h a t  they  are of l imited range . On the  other hand,

if the ob ser ved  t u r b u l e n c e  resul ts  from the d is rupt ion  of a

c o n d i t i o n a ll y  u n s t a b l e  atmosphere , t hen  these waves could have

a range of up to about 600 k i lometers , the  l imit  set by the

speed of the wave and the duration of the nocturnal inversion .

It is also conceivable that these waves are created by a d i f fe ren t

form of p r opa sa t i ng  d i s tu rb ance which in teracts  wi th  the

nocturnal  inve r s ion .

- -=~~~~-~~~~ -— -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~
--

~~~--~~ —
-
‘ - - -~~ - .——



- -~ - - -  ~~—~~~~~-~~~~~~~~~mm-. —-~~~~~~~~~~ - 

~

— -----—- - 

~~~

--

(1b66) -nH J rio ( i 9 ( ~~) - s n  j e t a t - - ’ J  ~ -o H r

-~~ ne j n r :  e-xo-:a -e ; t al s r - : n ; o - -r uls-:o -il a r. h n i a r 5 ,~~~n:- -n .  ‘the

o~- - — - cii .~nJ , s-- c~ :i t at -sI oit~ at en ta5 :-~~~at -a r : - : I  cH ;ndn a :’t of ’

:-ilJ aIr- Tn -s- -~’.’c.’ — - s t a r e  ui-arcs  is -.-~ ll dosoc.:::t

l ghl ; k r - a n n I e  tod L o a l a n  , 1962; 3~ ~TH o r -s an -i V~c C a r th y ,  1969) .

n e  -: - - 0 - n o  a n del to -describe these nrsssur-e pulses by

c on s I d e r i n g  t he  u n s t a b l e  s o l u t i o n  of drunt ‘ s en -ca t ion  of mot ion

(3 runt - ,  1927) for the vertical displacement (dh) of a parcel of’

ai r :

d 2 (dh)
+ ~ (3+ ~~ )dh = 0 ( 3 .9 )

dt 2 d

Brunt  n o t e d  tha t  if the  lapse rate , —dT/dh , is greater than the

adiaba t I c  lapse  ra te , 8 , no r e s t o r i n g  force exis ts , and

consa:-senol;: a -downwards displaced air parcel  wi l l  con t inue

to acce le ra te  exponen t i a l ly . Smart adapted this result to

explain the  observed form of the pressure pulses by noting that

the downwards descending parcel is subjec t  to a constant

pressure gradient and thus the density of th e  parcel increases

exponen t i a l ly  .- ii th  the result that (assum! n.t the approximate

va l id i ty  of the hydros t a t i c  law ) the ground level pressure

contains an exp onen t i a l ly  increas ing compon en t .  Smart also

hypothesized that the :1 :-wn~ ards motion contInues to accelerate

in smooth laminar l’iow until a critical v e l o s l oy  is reached at

wh ich point  the  f l ow  becomes  t u r bu l e nt  and m ix e s  rapidly wi th

nearby warmer  air thus  c a u sin g  rap id o s c i l l a t i o n s  behind the

pulse  onil , eventually, a reductLon of the  pressure  to the ambient

level .  On the bas is  of thin trade]., Smart w a s  able to accoun t

for  14 out of ’ 10 o b s e r v a tio n s  of’ e xn o n en t i o i  p ressure  p u l s e s .

L . _ _  
_ _ _ _ _ _ _ _ _ _ _
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‘ h-r io so n o b - -a irih’-r of - I i  P f ’~ ::~lt  ~~ ass o c i a t e  i

- - i t h  f - h i s  ;co~ J , the coso serious of ~h ith in; the fa-it t~~-tt

c h i n  exol n i u s i o r i  is t o s i l c a bl e  o n i i y  to obs.-r’vatior~n reeor’ie-l

-dire ~~~ b e n e at h  a r h nn- ~ : r sna r’n do ;-indr a t ;  it mu st  be exoe c t ed

that the snoun-i level or~ ssure distribution outside this very

local ized region is of a completely different form . Consequently ,

the observatIons reported by Jordan (1972) of pressure pulses

coming from thunderstorms at distances of the order of 100

ki lometers  are n-at accounted for by this model as it stands.

It is an obvious extension of this model to include the

influence of the shallow gravity current of undercutting cold

air that advances away from the thunderstorm as the downdraft

spreads out at the surface. Wallington (1961) noted an example

in wh i c h  this density current extended for over 50 kilometers

and the sab:~-e -c t has r ecen t ly  been t rea ted  in detai l  by Charba

, i9 ~~- .) .  An ~nter~~~~in5 descript ion of a Sudanese ~ab oob , a

down d r a f t  c ravi ty  current made visible by i ts high dust content ,

has been gi-nen by Lawson (197 1).  It is noted that the pressure

d i s t rib u t i o n  assoc ia ted  with  the  passage of a gravity current

takes the form of a large chan ge in the pressure level and thus

this effect do-es not , by itself , account for the observed

pressure pulse. A more likely explanation of long—range

t hunde r s t -omm — ~ ener ate d  Dressure pulses is tha t  they occur as

solit ar y waves rroduoed by either the direct immulsive inter-

action of tb-c downdraft on an inversion or the concommitant

i n t e r ac tion  of’ tb-c grav ity current with an existing inversion.

It is poss ib l e  tha t  some of the  solitary waves observed

in T er n an t  Creek  dur ing the monsoon season from November to

_______________ -- ~~~~~
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~-:a~’eh ar -n  - h e  to t - h ’ : o d e r - ’ rin a - 4- ’ ’H t’; . j a w - v - - -
, only 32f’

of’ all events abet ha:o b~ -nn observed a-ecu - -ne ! Jurj rn: p’nr io-c i

r ’ local stu::~ act i  iity . A fuother coui L~ cat ion i n -  ~ses from

t b-s oh-s’-rvat i on t h a t  intense local storms do not ren-essarily

— 
g~ nerat e solitar ,- atc-o spn-nn ic waves. For examol e , consider

the results of obsenv -Lti003 manI c d- cr ing  the month of January ,

a month  c h a r a c t e r i z e d  by the r::aximum rainfall , 115.11 mm over -a

10 day interval , and the highest number of counts (11490) on a

l i vh tn i ng  f l a sh  c o u n t e r , as measured at tb-c !iarramunga Seismic

Sta t ion . Dur ing  th is  period only one very weak sol i tary wave

was recorded and this particular event occurred on a day when

storm activity was entirely absent throughout the Northern

Terr i tory .

It is clearly necessary to explore other possible source

mechanisms for the solitary atmospheric waves at Warramunga.

The f a c t  that these waves come from the preferred directions

of 200 and l~ 0° suggests that they are orograp~cic In origin.

However, unless one is willing to accept the hypothesis that

these waves originate in the atmospheric circulation associated

with high mountains , specifically the high mountains of New

Guinea and the Australian Alps (or even the Southern Alps of

New Zealand) — an unlikely hypothesis for which there is no

direct evidence — then, the fact that the torography , on a more

reasonable scale of dIstance, differs considerably in these two

source directions , as is described below , indicates that two

additional mechanisms may be Involved in the production of

solitary atmospheric waves in central Australia.

Consider f i r s t  the origin or isolated waves which arrive

from an ax imuth  of 140 0 . These waves are most f r equ e n t l y

- — A._~_ 
~~~~~ -. - 
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~--tee cei near ~ loT at bat thc-y stay also occur at any other

t- r - e  da :-~~t :  ~~ As one proceeds in the direction of

±~~0 f r i  t he  i r l f ’r a s - ) r l .  c array t h e  t e r ra i n  can be described as

a more or less t’lri t fea t u r e l e s s  plain for  the  f i r - n t  100

k i lome te r s .  The l i -ur -chison Range begins  to sopear 5 kilometers

to the  s o u t h  of t h i s  path at about 10 1- :i loneaers from the

array . This chain of low hills, which runs parallel to the

11400 direction , continues to rise until a maximum elevation

of’ about 200 meters  over the  su r rounding  p la in  is at ta ined at

a dis tance of about 80 kilometers. Eeyond 100 kilometers the

level plain slowly r~ives way to  the Davenport Range which

in t e r s ec t s  the  :-ksrohison ~ange at the same altItude , at about

1140 k i lometers  from the  array . Fur ther  afield in this direction

the terrain descends to an arid plain which continues uninter—

rupted  and f inal ly merges with the Simpson Desert at a distance

cf about ~~~~~~~~ kilomete r s .

The presence of these nearby ranges suggests  that the

origin of sol i tary waves coming from this directIon is to be

f o u n d  in the in te rac t ion  with an existing inversIon of katabatic

(down—slop-c) nocturnal flow of surface—cooled air from these

hills on to the surrounding plain. The hypothesis of super—

critical katabatic drainage which leads to an internal hydraulic

jumP has been employed with considerable success by Ball (1956)

(see also , 3a~~ , 1957; Lied , 19614) to €-:-:olain the sudden

s ta t ionary discontinuity found  in s u rf a c e  winds in the Antarc t ic .

Similarly, Clarke ( 1972)  has explained a f r eq u e n t l y  occurring,

sudden , near— dawn ~qua11 on the south coast of the Gulf of

Carpentari-a by evoking the concept ol a propagating u—idular

hydraulic jump created in the process of’ nocturnal surface

fin;-: down a 1:1000 slope from the 500 mete r  h igh lands  to the

A 
- —~~~ - .- -
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e : is t .  C l e n - ; e  :n t :- : - i - c c u-tt a rt tn- .bn r a: :iur - -r~ cal exp --- rtnr ~n.ts

io~ ~o’ itidecl that ai t - mtol -atmo .-;ohenie hj h-i ~~1ie s~~O Of

o ty n ~‘t :ou ld  co::c e :i i y  oc~~~~~ at l . ~ J a t  L a i d  co ih- - t i  k a t a ba t i c

fir-u d i ;charges on to  a o l ain  under one . ~ L t l o n ~ or a stable

r a d i a t i on  i n v e r’s i o n .  -

‘t i lS  c o n c l u s i o n  is r e in f o re n- d by thn-  ~co-ritic soundings

at Ju l ian  Creek r e p o r ted  by R e y n old s  ari d ienhimg ( 1970)  which

revealed , as has already been noted , t he  ocn5 r’rence of a j ump

in the h e igh t  of the  n o c t u r n a l  invers ions . These authors also

hypothesized the  ex i s t ence  of ka taba t ic  flou aid- c d in part by

the geotrophic wind and orographic converr-e r~ce and concluded

that  the observed jumps in the invers ion level  could be a t t r i b u t e d

to ei ther  the head Of a gravity current propagating as an

in terna l  bor e  or a t r ave l l ing  internal hydraul ic  j ump .

It is worth  no t ing  at this point that  n -eri e- of the data

co l l ec ted  30 far from the infrasonic  array indIcates the

occurrence of e i ther  a propagating hydraul ic  jump  or the frontal

zone of an advancing atmospheric density current. This is not

an unexpected result since the local topography indicates that

katabatic c-ar-rents are unlikely to flow in the direction of the

array. It is therefore proposed that the observed solitary

waves coming from an azimuth of 11400 are generated in the

interaction of katabati-c flow with the noctural inversion and that

they propagate along the inversion to the ar-may . It is

prema ture , without further experimental work , to examine this

mechanism in detail but it probably takes one of the following

forms :

( a)  the di rect  irnp lusive in t e rac t ion  of ’ an advancing

grav ity curren t impinging on a es tab l i shed  inversion ;

- —- -~~~- - - ---
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( k- ) a he c t - e a ’~. on of a byJr~ -i l ie -~ unp at t he  p o T n t  wh e r e

s n a  ~- n - r L ’ . !ne -il -hi - n— slope n o w  encounters the horizontal

— th Is hydraulic jump rca s u b se  ~u e n t L y  propagate

ins t : -ea:e as : los condi t ions  vary ;

( c )  ‘~a-s rcorn-c -- t~ a n y  r e t a r d a t i o n  of an advancing  bore upon

ooeo~nrc terL n-~ a t o p o gr a p h i c a l  obs tac le  such as a ridge

or’ v a ll e y  , and

(d) the formation of a s t a t ionary  h y d r a u l i c  j ump in conj unction

,-; tb .  a s ur er - c r I t i c a l — su b cr i t I c a l  flow transition In the

nhbourbood of a topograchlcal  barrIer .

The Lriter’rr -ctatiori in terms of katabatic flow at an

orogr’eohic feature a-c :-on~nts for both the occurrence of waves

from the -:iirc ion of 11400 and for the scarcity of events

oritinatTh in tb-c r . o :-th  and south—west quadrants where

—n-cc -r’a:hl-: :~~-~tures su~ tab1e for the pre-duction of katabatic flow

are absent . It is possible that a few cvent s originate at

lon~z rar. :r in the - :acdonn e ll  Ranges to the south and south—west.

Ar-i attenot to apply an interactive katabatic wind inter-

pretation c- -c acne -s i-n t fir the source of’ the large number of

solitary events arri-;ing from an azimuth of’ 200 Is l ess

ssccessf-; . Inn this d i r e c t i o n , tu e  e l eva t i on  decreases

steadily fr-c m about --dO meters ~-~SL to 230 meters at a distance

of about ~~2 s~~ :-neters fr-art the ar ray . From this point , the

land r~ ses zl-;n-ily to  Form the  Bar - :ly  :b le lands  at an altitude

of about 26~ acts-ms. it the -edge ~f the Tablelands , about

3~’O kilometers from the array , the land again rises to about

310 met er ’s and thor - i  ~‘alls con t inuous ly  to the  hot tropical  coast

of the kuif of’ Carp nt-aria , 500 k i lometers  f rom the array .
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~. o Iii -~ a:’ t F :c ~~.: e I t h e r -  t h u  ~~ -; Dr,u~ all  Ha t - n e - ;  ‘ - i i  outskirts

or ’ Tern - -at ‘n-ri ck or ‘on the ~-;hurt :irtd ‘;PL t t i r ig t on  h - irs -;e s

I 4
L ‘ ~ — e ~r, ~o th ’~ ~~~~ . ~b~~3 in te r—

pretat  ~ont Ls ‘5: 1 d-:ely, he-: ever ’ , si nce th e se-  series of ridges

r i :- -c to a : u  :irnam of only 50 meters  and the la teral  extent  of

the  down—sl oP e  run to  the surrounding o la in  n- ;ouid seem to be

too l imited  to  sup s o r t  significant katanatic fin -n - ; . A different

type  of source m e c h a n i s m  is there fore reqs i red  to explain the

so l i t a ry  waves  which  o r i g i n a t e  in this  d i rec t ion .

?tri indication of the range of Isolated waves coming from

an a z im u t h  -n - f 200 is given by the observation that , if one

i gnores aid s t o r m— n - -e l a t e d  s ignals , all waves of this type arrive

at the m n n f r - a n - - n - n i i c  a r ray a f t e r  23 .30  C . S . T . ,  and fu r th - r r , that

the m a j o r it y  of these  events are observed to occur around 03.00 .

This sugc~cs t s  tha t  the  source of ’ these  waves is to be found at

a considerable distance from the array . If it is assumed that

these waves are created during or shortly after the formation

of’ a Stable inversion then the average measured speed of

10 meters/second is consistent with a source in the neighbourhood

of the coastal edge of the Barkly T a b l e - la n d s .

It is the re fo re  tentatively proposed that these soli tary

wave s are generated th rough  the  i n t e r a ct io n  of a warm upsiope

sea breeze circulation from the Gulf of Oarrnervt ar ia  wi th  a

developing cold nocturnal inversion behind the rim of the

Tablelands . This interaction , if not direct , might take the

form of an impulsive addition of momentum to the inversIon layer

- rn—rn ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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du r 1 ng  th~ 
- 11 d °  o r  st~~t iuOar ’,, o -  a - t i n  i -~ -e n a v e s  or du r I n g

‘ -
~~~~lls~~;~i~t e i: iO O  of 5 0:- i t :  ‘~ c d i i  -s f O 1 L - i i ~~:~~T t h e  laae afternoon

t :- : l r : s ~~t Ion  f r - a n t  o f f — ~-- i i o r - - ~ i o - ~ to  ‘ : o ct -  nC~ k -~ t ab a t i u  i t - a in a g e .

This conc lu- -ies the description nod i n ter p r et a t i o n  of

:~t m o ohe r~~c internal so l i t a ry  n- r aves  wh ich are observed in the

acid  100Cr-len- ’ of A u st r a l i a .
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F b i  o rep nt L ~ bc~~r i !: nt i n ly  c r i r~cer ’n -~ J w i t h  u d es c r i p t i o n

of ’ a ~ i-: tn ’nO o r ’ r l.ar . un-oIly -n-~ arr lag solitary rt tra-;:;phc n c  wave .

Au exa- - :n-natiort of t h e  t r ap - - nt  i us  of ’  a total of 85 ;- ;avos of this

t ype , -ubwen’ved over  a 1 3 r : on th  period , has oha ;-;n t h a t  these

s o lI t a r y  waves pro -wa w a t e  along the  noc tu rn a l  i n v e r s i o n , tha t

they arrive at the infrasonic array from two d i f f e r e n t

azimuths , and that they play an imoortant role in the production

of’ a t m o s p h e r i c  t u r b u len c e .  It is c on c l ud ed  that the solitary

waves observed at k -arr ar tunga belong to a new class of internal

so l i t a ry  wave disc-eve -ce I by 3enj art in and by Da r is and Acrivos.

A n-saber of source  mechanism which may lead to the

nroduction of’ s o l i t a r y  waves in central  Aus t r a l i a  have been

acanose-I . nonetheless , until the completion of further

eooeri::ental and ~hc-arettca1 work , these ideas must be viewed

i t  is h o p e d  t h a t  an expansion of the Warrarnunga

Infrasonni~ an-ray to an aperature of 100 kilometers will provide

the necessary data required to determine the origin of these

-unu3ss ~ n-tone s.
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Day -nnoc r - en t  i~c~i m r n - t h  L~ ’-n - r1  Vu l l  ;i I c th  att o t - n o o n  V e l o c i t y  A Tn I l i- ~ half rla:~i: cm

C n-n

( U . i’ . ) ( r n - / s e e )  (dc- -re ~ s) (ijOc; /-n m
2 )  (k m )

1975

1-2-976 238 1216 14 340 150 0.14

1—2—1207 238 2020 8 20 51 -3 0.19
1—4— 2 23 2~!40 2 32 14 14 2~-1 0 0 . 4 8
1—4 —8 145  2k 1  1012 14 120 n-aim 0.19
1— 4— 179 5 2 4 2  1756 10 40 9 -0 0 .75
1_24_2 52 11 2 4 3  T - ~07 7 210 1-30 0 .73
2_ 1_ 3LL 3 2 414 1730 114 20 80 1.68

2 1 9 8 2  2145 1448 12 150 300 0.86

3—1—956 254 1416 10 280 160 i .4o
3—2_l8k6 260 1018 4 20 40 0 . 2 4
3—2—2 110 260 T YI: 8 60 260 0 .28
3—2—271 7 261 5?0 13 114 0 70 1.21
4—1—124? 263 652 10 )-IO 610 0.39

4— 1—1965 2614 1856 10 20 300 0.65

4—2—312 265 1632 12 140 190 1.21

4 — 2 — 8 6 2  266 1-050 10 140 50 0.70
4 — 4 — 7 6 7  270 :825 10 30 90 1.06
4 — 4 — 13 21  27 1 2151 10 24 0 313 0 .9 8
5—3 — 51 2 276 20 38 10 230 3-2 0 2 .68
5 — 4 — 9 9 0  279 1802 9 20 5- 1.56
6—i — i o ~ 4 282 l5’48 10 330 ~~

- 0.28

6—1— 2350 284 1055 1k 1~ o - .5 ’ 1.20

6— 3—1 797 29 0 1254 9 200 13-2 0.64
7— 2—1 89 29 1 0834 12 20 530 0.79
7—2—338 291 1232 16 3140 170 1.93

7—2—1601 293 0737 10 220 1430 1.10

7—2—1623 293 0822 i6 300 700 1.79

7—3—1050 297 1258 14 100 60 0.21

7—3—1110 297 1458 12 1140 80 0.68

7—3— 1238 297 l9 14 11 1~IO lOU 1.18

7— 3—33014 300 1614 12 140 100 0.3-9 
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- [u par- -- n i ~ A zL mn -t l: S ign a l  F-c l I - -  I :n th  at
- -  a -tn- - Vc - 1~~’: i tt -’ A m - 01 10 md ~ H’il .- L w a i n u m

c a vi-
( U . ’~l. (m /n~ec)  ( d -n - 7 r - e e s ) (d yn s/ cr r r 2 )  ( k:~ )

301 1600 11 10 70 1.06
3— 1—1 499 303 2108 6 160 6o 0.47

8— 1— 17 6 303 2 11411 10 2- 4 -3 190 1.30
8— 2—1031 307 1518 6 C 40 0 .36
8—2—1:80 307 1322 6 120 8o 0.47

9—3 — 6 1-3 316 20142 10 100 5-0 0 . 6 0
9—3—1132 317 1350 6 80 40 1.01

9—3— 12142 317 1728 8 80 530 0 .26
9— 4 — 1 1 2  318 17 42 6 40 300 0.25

10 — 3 — 1 0 7 1 4  325 11414 10 20 60 0 .75
10—3—1205 325 1836 8 20 70 0.72

10—4—518 327 1750 9 20 100 0 .73
10—5—973 329 1500 8 1140 80 - 0.95
1 0 — 6 — 1 4 7 2  330 1726 12 160 80 0 .4 3
11— 1—534 331 1810 8 160 140 1.38
11— 2—396 33 14 1012 8 160 90 0 .72
11—3—10 4 6 337 1300 8 20 80 0 .56
11—4 — 4 06 339 1426 10 60 190 0 .80

12—3—352 3145 1330 7 140 50 1.15

12—4—1108 3 147 1350 7 120 90 0 . 7 0

13—2—192 351 1222 14 320 160 1.36

13—2— 334 351 1732 8 20 130 2 . 4 0

13—14— 1408 357 1505 10 120 70 0.50

13— 4 — 1744 359 1140 6 160 70 0.34

13— 14—1 833 359 1436 9 40 1140 1.40

13— ~4 — 2 5 7 3  360 1516 8 140 180 0 .86

14 — 1 — 1 4 6 2  361 1510 8 160 90 0.115

l14~ 1—1146 362 11400 10 20 160 1.32

14—1—1902 363 1510 8 20 250 0 . 6 0

1976
17—2—1763 29 11409 8 160 40 0 .5

18—1—224 51 1354 8 160 70 0.95

1 8 - 2 — 1 2 9 2  5~ 2~~~-3 1? 120 70 1 . ‘L’
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o -  ty  A r e !  i ’ ; i ’i-n - i -he ld  ~-Inn-: i nnun

0

( V . T. ) ( r n - / c e o - ) (loge-ce-es) (dyr es/crn2 ) (kr r ; )

18— 3— 14 - 0 14 56 1136 9 14-o 180 1.02

18—3— 1 099 57 123~4 9 0 2 140 0 .76
l 8_ k_ 5 29 5-3 1906 7 100 0.95

19— 1—53 6 60 1750 11 1140 50 2.06

19—2—1972 68 1822 8 1140 150 0 .36
19—2—2036 68 20 32 8 2- 0 330 0.6 1
20—1—1418 70 l~-4l8 12 1140 2140 1.111

20—1—1883 72 1506 111 20 120 1.81

20—2—286 73 1083 8 20 260 0.81

20—3— 918 77 1106 16 0 70 1.60

21—3—1960 85 1908 9 100 
- 

240 1.17

22—1—315 87 1708 10 60 30 0.90

22—1—1115 88 1950 12 120 40 1.32
22—2—1812 91 1710 10 120 50 0.52

22—2—1918 9. 20 146 1~4 80 90 0. 81
22—2—2517 92 1636 11 14 0 50 1.01
224_2_1826 107 1318 8 100 70 0.81

2 4 —2—206 7  107 2118 6 100 50 0.90

31—1—1111 158 1346 10 1140 70 0.45

31—1—1133 158 11435 12 1110 150 0.71

33—2—963 178 1016 5 1140 30 0.30

33—2—997 178 11224 11 i80 30 0.21 
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1. C o r i t ’i : : u n - : e t i - r n  c t ! ~~- a - - —- c - i n n m p t ~ne rmt  ‘-Jur n - r n-ge -cnn - h

2. :-:easnr-~-d aL nc n - ohar- -~ -~roph amolitude reso-:n zoe .

3. In te rna l  so l i t a ry  wave surface pressure profiles

correspondin~ to a 5°K temperature inversIon at the

950 mb ar  level .  The dimenision11ss amo li t ude , ~

is chosen to be 0.5.

(a)  Classical  in ternal  soli tary wave described by (3 .5 )

( b )  Internal solitary wave described by Benjamin ’s

theory ( 3 . 3)  far  a f lu id  of great depth.

4 . Genera l  i n t e r n a l  so l i ta ry  wave profile shape as a function

of oh -c d imens ion l es s ampli tude c~ . Both families of curves.

are :lot ted  in the dimensionless quant i t ies  X/H and Y/H

nt-here H is the undis turbed  depth of the  lower f lu id  at

infinity.

(a~ lma 11ov; fluid  theory

( b )  D eeD f l uid  theory .

5. E -:amoles of’ sol i tary wave soectr-a recorded at the Warramunga

Seismic Static-nt . These w e l l — d e f i n e d  waves of elevation

are tyoical of most of the lang-c amp l i t ude  events which have

been ob served .

6. Further examples of solitary waves of elevation. Note the

~udd~~i change in the character of the micropressure spectrum

following the passage of the solitary wave illustrated ifl (a).
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7. ‘; - t o ~.-~ ,- a of - :oLic ~~n--y c v i - - - c - c r ~~. i’M n m : - - (a) in t h i n -

gr un is -rhos - . ~~ - l i us t r an - 01 ~~Y~~
i 0 1 - (~~~ ~ 07

ef u l -vat  Mn - cm d e L i u : r ’ l  by a so1~ tar - -j  trot ’- of ‘1-~r n-

8. H x a m n ~~t :s of so oa: -y n-iou-es of el eva t ion  t ib ia -h pre c - ;ud  a

dec y i n g  r n o t i n  of  c oh e r e n t  l onn - p er io d  s r ec ’n r a l  componen t s .

9. Examples of ’ sol itc r2 -  waves of e l eva c ir— t-n - -rhich mark the onset

of lonm perIod incoheren t  components  in t h e  atmospheric

spec trum .

10. Examples of microt arograph records which illustrate a

var ie ty  of unu sual  sol i tary  wave p ro f i l e s .

11. Frequency of observation of solitary wave signals as a

function of calendar day .

12. Frequency of observation of solitary waves as a function

of time of day .

13. Occurrence of solitary waves as a function of source

azimuth.

111 . Diurnal variation of the micropressure ~cectrum illustrating

the growth and dissipation of the nocturnal inversion and

the influence of solitary wave ac tivl:.

15. Some examples of the influence of solitary waves on the

atmospheric spectn’irn .

16. A comparison of solitary wave pressure profiles for the cas e

of ( a )  a wave w i t h  a r e l a t ive ly  quiet wake , and (b) a wave which

preceeds a period of significant atmospheric turbulence. 
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Figure 5. 
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